ABSTRACT
Introduction
. Distribution of cell phases in a tumour spheroid (avascular in vitro tumour) simulated with VBL. The figure shows a clipped spheroid, to display the cell phases in the inside of the spheroid. The colors represent different cell phases, and in this example it is only important to note that the necrotic regions are red. Note that there is no clear cut boundary between the proliferating part of the necrotic core. The triangulation used by VBL is also shown. This simulated tumour spheroid comprises almost 24000 cells. of this process in detail and in real time and show that, already at these early stages of tumour development, the diversity of 43 environmental niches is high enough to promote adaptive evolution of tumour variants.
44

Brief outline of "Virtual Biology Lab" (VBL) and Tumorcode
45
In this section we give a short description of the two programs that have been merged. The present account is very brief as both 46 programs have been described in detail in past papers (for VBL, see 18, [20] [21] [22] [23] , for Tumorcode, see [24] [25] [26] ).
VBL
48
VBL is a lattice-free, cell-based program that can simulate both: the growth and proliferation of disperse cells and of more 49 complex, avascular cell clusters (tumour spheroids). It contains a detailed simulation of the metabolic activity of each cell 50 including discrete events at the individual cell level (for instance: mitochondrial partitioning at mitosis), and has the potential to 51 activate phenotypic differentiation. More specifically, the model has the following features:
52
• The model of human tumor cells includes both-the internal biochemical processes and a phenomenological description 53 of the biomechanics of cells.
54
• Spatially, each cell is a two-compartment structure, the inside of the cell and the adjacent extracellular environment or 55 intercellular space; this is important to handle simple diffusion and facilitated diffusion across the cell membrane at the 56 same time.
The numerical methods used in VBL have been described elsewhere 27 , here we only mention that although the simulation 66 is lattice-free, continuum processes are actually discretized on the continually-variable irregular lattice defined by the Delaunay 67 triangulation 28 based on the cells' centres which also defines the proximity relations among cells that are necessary to compute 68 the cell-cell forces. We find that the computational geometry library CGAL (https://www.cgal.org) 29 is an easy tool 69 that offers necessary triangulation features amended by the possibility to calculate alpha shapes. This is necessary to define the 70 surface or contact zone of the spheroid with the environment. It is important to note that the simulation spans many orders 
98
• Angiogenesis, i.e., the addition of new segments, is driven by the VGEF gradient and is partly stochastic 24 .
99
• As the tumour grows, the vasculature and the blood flows change, and the modified shear stress leads to blood vessel 100 dilation or to blood vessel collapse 24 .
101
• A low local VGEF growth factor concentration produces blood vessel regression 24 .
102
• The program computes the interaction with surrounding tissues to compute the extraction of oxygen and nutrients from 103 blood vessels. Figure 2. 500 µm thick slice trough tumour vasculature of 1cm lateral size. For 3D illustration we extent vessels with radius bigger than 20 µm for another 750 µm above and below the slice. According to the lower panels: arteries are displayed in varying reddish color and veins in varying blueish color (unit is also µm). Capillaries and young vessel are shown in green.
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tissues.
106
• The blood vessel hematocrit acts as source for oxygen dissolved in tissue and the tissue simultaneously consumes the 107 oxygen. In 37 we explain how the coupled set of non linear differential equations is solved to obtain the oxygen partial 108 pressure for each blood vessel segment. 
Seed at the center of a blood vessel network
156
The computational approach provides an easy access to information that is hard to obtain with experiments and allows multiple 157 ways of visualization (compare Figure 4) . Here we take advantage of the information about the distance to the nearest blood 158 vessel for every cell. We start with the distribution which is a defining feature of the microenvironment, as larger distances mean 159 less oxygen and nutrients, and therefore starvation and death for many tumour cells. In Figure 5 we see how the distribution Intuitively the increase in the mean of cell-blood vessel distances leads to a decrease of available oxygen and nutrients, and 164 to an increase of lactate ions and to a lower pH. Since the cell-blood vessel distance is known, we can display space-time data 165 on the distributions of cell radii, pO 2 and pH ( Figure 6 ) -the data confirms the intuition. We uploaded two videos where we A) Figure 9 . Sampling the partial oxygen pressure pO 2 along lines between blood vessels. We sampled along the line joining two blood vessels (bright green). Inset A) shows the simulation state 350 hours past initial seeding; the main image shows the state after 527 hours. Note the additional vessel due to angiogenessis. The scale marked "pressure_at_node" refers to the pO 2 value at vessel nodes in mmHg. The scale marked "o2" referes to the value of pO 2 inside cells. See also supplemental material for more information. 
